We discuss a THz laser device based on a semiconductor quantum dot (QD) gain medium, where the lasing occurs through discrete conduction states. An ensemble of QDs is selectively placed in a high quality cavity, called a microdisk, which is resonant with a terahertz intersublevel QD transition. We simulate the rate equations goveming iasing and discuss a variety of processes affecting lasing including nonradiative recombination and the ground state decay rate.
Introduction
The terahertz (THz) frequency regime is a poorly explored frequency band loosely defined between 0.8-3 THz. Optical sources are typically available a frequencies greater than 10 THz, while electronic oscillator circuits are available at frequencies in the 500 GHz range. Thus, this traditionally opaque region can be explored by pushing electronic devices to higher frequencies, or, like the work discussed here, it can be accessed through optical means through low-frequency optical emission. For this reason alone the region is of fundamental research interest; however there are several compelling applicationoriented reasons to explore this domain. In chemistry and biology there is interest in low THz sources (1 THz) for molecular detection [1] . The frequency regime is also interesting for THz-band communications. New military sensing capabilities, including radar and spectroscopic sensing, will be developed in the THz frequency range. New spectroscopic sensing can be used effectively to enhance security. Finally, sources emitting in this region can used in medical imaging and biological sensing.
Semiconductor-based solid-state lasers and light-emitting diodes (LEDs) are ubiquitous. These sources typically operate near the visible spectral range, at wavelengths between 400 nm out to a few microns, although there are sources available at shorter and longer wavelengths. What limits the emission wavelength and what can be done to bring the emission wavelength out to the 100 /im to 300 /im THz regime? There are two general categories that conspire to reduce the emission efficiency in both the UV and far IR that are based on the solid-state nature of the lasing material: competing parasitic processes and poor material properties. Completing parasitic processes, such as free-carrier absorption and Auger recombination in long wavelength sources, and highly electrically resistive layers in short wavelength sources are generally intrinsic, while poor materials properties are technology related. The most mature optoelectronic material system, based on GaAs, turns out to have significantly advantageous materials properties, in part because of years of development, but also because of available lattice matched alloys with good refractive index contrast and bandgap differences, and relatively easily produced substrates.
In the near to mid-IR, where free-carrier absorption is still a small parasitic there is a competition between interband and intraband lasers. The general problems with interband lasers are the competing process of Auger recombination, and the crystal growth issues such as available substrates, lattice matching and alloy uniformity. As the interband energy reduces. Auger processes, becomes more favorable. The crystal growth problems are typical of those mentioned above. Such is the case for typical IR materials such as HgCdTe, where specially alloyed substrates ofthe Cdo.geZno iMTe are necessary to minimize tbe lattice mismatch [2] . Furthermore, controlling the alloy uniformity has been difficult. However, lasers are made and will continue to improve, although the pace has been slow compared to GaAs and InP. Operating at 2.6 ^m, edge emitting devices with threshold current densities of 420 A/cm^ have been achieved on approximately 800 fim long structures under pulsed conditions at 77K [2] . Parallel to these efforts has been the intraband based structures using either GaAs-or InP-based material systems. These efforts leverage the successes of these materials system at shorter wavelengths along with those of quantum well (QW) physics. These are truly artificially structured crystals, where the transition energies and rates are determined by designing barrier heights and QW widths to tune individual QW wavefunctions. For lasers, the result of these efforts has been the cascade lasers [3] . These devices are unipolar, typically utilizing the conductor band, and can in principle operate through the electromagnetic spectrum except for the previously raised issues of competing parasitic processes and index contrast.
For the narrow energy transitions used in very long-wavelength, semiconductor-based lasers, in principle either inter-or intraband transitions can be used. The same types of material issues are present here as in other wavelength regimes; however, they care typically more extreme. Lattice mismatch is often a problem, and index contrast is once again an issue. In general, the materials' refractive indices become smaller with increasing operating wavelength. Furthermore, although it is not difficult to achieve the proper doping, excess carriers contribute to parasitic free-canier absorption at long wavelengths. Besides free-carrier absorption, other processes become favorable at longer wavelengths. In the 30 meV (41.3 fim) range optical phonons are typically active in multi-atom basis crystals, and multi-particle processes, such as Auger recombination also become more significant. Thus, while band-to-band lasing is in principle possible because of alloy uniformity and Auger processes, one would think that a unipolar intersubband structure would be more appropriate. In fact, a THz quantum cascade laser source has been made [4] . An addition issue in long wavelength lasers is the ideal conversion efficiency, illustrated by the Manley-Rowe relation [5] : f'/w/^ EVoh for field intensity, E and frequency, (o. Thus, optical or electronic pumping of larger bandgap materials, such as GaAs or InP, for THz emission can be inherently efficient. This includes nonlinear difference-frequency generation, but not include the cascade structures and some short-pulse optical schemes.
Here, we discuss a terahertz optical emission source that can offer both broadband spontaneous emission and lasing for a variety of needs in the THz frequency regime. The source is based on the emission from a quantum dot (QD) active region to reduce nonradiative loss and which can be coupled to a high quality optical cavity. The THz source can be optically pumped with a \ov/ power, compact laser source. While we have previously proposed a cascading QD laser called a coupled asymmetric dot (CAD) laser [6] to improve on the efficiency limits of Manley-Rowe, this structure is not currently feasible to implement. Here we provide the basis for a feasible QD structure based on the spatial positions of QDs in the optical mode region of a high-quality (Q) factor microdisk cavity. In the microdisk, cavity modes are present at the circumference of the disk containing the QDs. These circumferential modes, called whispering gallery modes, exist due to total intemal refiection from the disk sidewalls. Because the device emits inplane, thick vertical layers of material are not necessary, easing fabrication. QD emission that is coupled to these optical modes can be guided and extracted from the device.
The device is designed around the optical cavity coupling ofthe QD emitters. To achieve the desired long-wavelengths, an intersublevel transition in the conduction band will be used. The lasing transition is from an excited conduction band state to a lower conduction band state. The electron in the lower state must be removed to maintain inversion and eliminate state filling. This is achieved through either coupling to wetting layer states or more likely through optical band to band recombination. Here the cavity is principally used to provide optical feedback to a QD intersublevel radiative transition. At the same time it reduces the spontaneous emission lifetime of the radiative transition, increasing the spontaneous emission rate and reducing the lasing threshold. The microdisk cavity is tuned to the radiative transition resonance, so likely the final transition emptying this state will be off resonance. If this is so and additional weak cavity can be provided by cladding the microdisk. This independent cavity can be tuned to the desired near-IR resonance.
The QD microcavity THz emission source has two components: (1) An ensemble of QDs where the direct transition between the first excited state and the lowest lying state in the conduction band is used as the THz emission source; and (2) a passive cavity, the microdisk, which is used to couple light from the QD emitter source, provide enhanced spontaneous emission and feedback. The terahertz microdisk has a diameter on the order of 300 /im, yet the peak of the cavity mode is approximately 25 fim from the disk edge. If QDs are uniformly distributed across the microdisk most of the QDs will not spatially couple to the cavity tnode. In fact, measurement and theory by coworkers at Northwestern University show [7] that one explanation for the less than expected spontaneous emission enhancement is due to collected emission fi-om QDs not spatially coupled to the cavity mode. Furthermore, the spatially uncoupled QDs towards the disk center trap carriers impeding carrier injection and diffiision into the cavity region. To reduce these effects we position QDs near the microdisk edge using selective area crystal growth.
For ultralow laser thresholds, our microcavity design incorporates both high reflectivity and matching between a small gain volume and a single optical mode. The disk thickness is less than /l/2n^ (to guarantee single mode in the vertical direction), but larger than XIAn^ (to guarantee one mode), and for most cases, it is selected to be XlZn^-The index of refraction, no is calculated in the terahertz frequency range in the Appendix. Since we are interested in a wavelength of ~100 /im, the thickness d ^\()/jm . Nomially, the modes allowed in this kind of cavity are the combination of guided modes and nonguided modes, and the solution is very complicated. But in the case of R~>., there are only several TE and TM modes allowed in the cavity. For example, we choose R=150
Allowed modes in the cavity
The TE modes have lower threshold because of higher rt^, so emission from TE modes will in general only be observed. We can divide the space into three regions: the guided region (in the disk), the evanescent region (outside disk, but close to the disk edge) and the free-propagation region (far from the edge). Inside the disk, the field of TE,r,t can be expressed as a Bessel function, J^ [23]:
Here different mode index / corresponds to different effective index of refraction, n^^. E and H are the electric and magnetic fields in polar coordinates, z,p,©, fJo is the permeability of free space, c the speed of light, ko the wave vector, and R is the disk radius. To obtain the allowed modes in the cavity, we solve the eigenfunction:
with the boundary condition:
(41
We can now calculate the effective index and allowed wavelengths in the cavity. We express the quality factor Q (due to radiation loss only) as:
Q= b
-5, and S= where b-l/6.5 in this formula is from an estimation of tunneling rates using the WKB approximation. We observe that: (1) a higher n^^ will lead to a higher Q and a lower threshold. This is the reason we only see TE modes instead of TM modes; (2) higher index, m means the field intensity will be closer to the edge, where the incidence angle is larger and so the radiation loss is smaller; (3) the FWHM ofthe edge-emission angle is estimated to be 21-Jm • So for higher order of TE^i, we obtain a narrower edge-emission angle. Table 1 . These absolute values detennined by the calculations are only of relative meaning, because the cavity quality factor, Q will depend on the quality of the regrown cavity as well as the calculation above. We see that the wavelengths of TE^^4.i and TE,^: modes are very close to each other. An example of the microdisk cavity spatial mode distribution is shown in Fig. 1 for a microdisk resonant at approximately 100 /im. The spatial position of the cavity mode is approximately 25 ^m from the microdisk edge. 
QD placement in the microdisk
To align QDs near the microdisk perimeter, we chose to design a fabrication and crystal growth process vv-here the QDs are selectively located along this perimeter. The process is achieved through an understanding of the strain-induced QD formation process. Since the QD formation relieves lattice mismatch stress by creating lateral free surface and the microdisk edge has a natural free surface, the microdisk edge is an optimum place for QD nucleation. In the normal QD formation process, when the strained material is deposited a thin region can be accommodated by planar biaxial compression, then after some thickness as been established the lowest energy state for the crystal is one with QDs. If there is a free surface to relax the strain material, the extra energy associated with creating lateral fi-ee surface is reduced: the extra lateral surface is already present. Thus, QDs will form near the microdisk perimeter first. Thus allows us to terminate the crystal growth after the QDs have formed on the microdisk perimeter but before they form on the interior region.
The fabrication steps are shown in Fig. 2 . First, the epitaxial structure containing the undercut region (AlGaAs) and 1/2 ofthe cavity region (GaAs) is made by MBE (Step 1 Fig. 2 ). In Step 2 lithography and wet-chemical etching is used to define the microdisk. Here, a non-selective etch is used to etch down to the GaAs substrate, then a selective etch is used to etch the AlGaAs and undercut the GaAs. In Step 3, Fig. 2 the processed sample is re-inserted into the MBE machine and the InAs QD layer is made, and then covered with GaAs (Step 4). The full process has already been demonstrated and is shown in Fig. 3 on the next page. In the figure atomic-force microscope (AFM) images show InAs QDs aligned at the edge ofthe microdisk. An AFM image ofthe disk is shown in Fig. 3b , where the light region at the disk edge is a near continuous, single chain of QDs. An enlargement ofthe image is shown in Fig. 3a . The QDs are approximately 40 nm in diameter. In Fig. 3c an AFM image of a micropost is shown. Here, there is no undercut. The image is clearer because the AFM is more stable without the less ridged undercut layer. Here, the microdisk is only 4 (im and the GaAs top-half of the cavity was not deposited in order to study the QD alignment. To fully investigate the structure we have designed the device to operate in near IR range with 900 nm wavelength operation. To design for this wavelength regime smaller disks are more useful. We are currently investigating the QD alignment process using the regrowth process on a variety of microdisk sizes.
Tuning Optical Transitions for Lasing
The cavity is present for two purposes: (i) to capture photons, provide feedback and increase gain; and (ii) to enhance the spontaneous emission (SE) decay rate, y, increasing the light output from the QD emitters. Point (i) is necessary in all semiconductor-based lasers. Point (ii) is helpful in all lasers but can be used in a subtler way in the intersublevel QD microcavity laser. In general, by coupling to electromagnetic cavity modes y can be enhanced, reducing the onset to lasing. However, in designing the THz laser we must consider both the SE decay rate from the upper lasing level and the SE decay rate ofthe lower lasing level. In a band-to-band, electron-hole laser electrons and holes recombine producing a photons. Intersubband lasers are unipolar devices, excited State carriers decay into lower state carriers and do not annihilate each other. Therefore, the lasing threshold also depends the decay rate from the lasing ground state. In some cases such as in the cascade laser, the ground state population can be reduced by strong coupling to the LO phonon resonance.
At least initially, a choice must be made, to make the cavity resonant with the lasing wavelength or the lower state transition wavelength. To investigate options we have modeled the lasing threshold as a function of excited and ground state SE decay rates.
We do this with a simple set of rate equations that include loss. The QD structure for the purposes of the simulation is shown in Fig. 4 . In our model we refer to the lowest bound where, RTHZ is the net rate of ±e intersublevel THz transition -the rate at which electrons in the higher energy level n^: drop to an empty lower energy level n^,, emitting a THz photon (either spontaneously or by stimulation), minus the rate at which electrons in the lower energy levels n^; absorb a THz photon and jumps to an empty higher energy level tjc:. Adding al! three components, RTHI can be written as:
Similarly, Ropurai is the net rate of confined conduction band-to-valence state transitions that absorb or emit a photon. This is the more typical interband transition. It is equal to the rate at which electrons in the lower energy level ofthe conduction band [nd) drop to an empty energy level in the valence band (o^./), emitting an optical photon (either spontaneously or by stimulation), minus the rate at which electrons in the valance band energy level n^.} absorbs an optical photon and jumps to an empty conducfion band level iici. Adding all three components Ropnaii can be written as:
tipTH,, and rip Optical ^^^ the photon densities in the THz mode and optical mode of the cavity. This cavity can be singly resonant at the THz frequency, or doubly resonant to enhance the optical transition rate, r^jr/ is the spontaneous emission lifetime. Rnon-radiauve is the rate of non radiative intersublevel transitions.
Since the rate of change of the carrier densities in all three confined energy levels strongly depends on the densities of photons in both the cavity modes, it becomes necessary to know how the photon densities themselves evolve with time. The time evolution of photon densities in the two cavity modes can be described by: photons in two modes can easily be simulated. The simulation is used to predict the required threshold pumping rate.
For the purposes of the simulation, we set the loss rate higher than the SE rate for any states to model the high losses in the THz range. A set of L-I curves is shown in Fig. 5 . The horizontal axis is the pumping rate of electron-hole pairs into the bulk crystal, and the non-radiative loss lifetime is set at 40 ps, the upper state, THz SE lifetime is 1000 ps and the lower, optical SE lifetime varies between 100 and 1000 ps. As the lower state lifetime increases the lasing threshold becomes clamped because the lower state cannot remove carriers as fast as they enter the upper state. This is highlighted in Fig. 6 , where the pumping rate required for lasing (the threshold rate) is plotted against the lifetime of the lower state. If the upper state SE lifetime is sufficiently small, the microdisk must be designed to be resonant with lower state wavelength. Conversely, if the upper state SE lifetime is long compared to the lower state SE lifetime, the cavity must be designed to be resonant with the upper state.
Conclusion
Terahertz emission using optical-based sources is an emerging field. New techniques will certainly be required to overcome a particularly difficult combination of materials issues and nonradiative losses. We have proposed a unique terahertz source based on semiconductor QDs. QD active regions offer reduced losses because of their three-
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Lifetime of Lower Level (a.u.) Fig, 17 , The modeled pump rate necessary to achieve lasing is plotted against the lifetime of the lower level quantum dot state. As the lifetime of this state increases, so does the pump rate necessary for lasing. dimensiona] confinement. In addition, QDs can be inserted into a variety of novel structures. The QD THz device is uses a microdisk, where QDs are positioned in the cavity mode of a microdisk. Here the coupling of the cavity with THz QD resonance provides optical feedback and enhances the spontaneous emission decay process, providing more efficient spontaneous emission and reducing the lasing threshold. While further development of this device is necessary many of the individual components of this device have been designed and fabricated.
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